Introduction
The primary, or original, magnetization of rocks used for palaecmagnetic purposes is often obscured by other so-called "secondary" magnetizations. A large number of people have reported investigation and elimination of secondary magnetizations. Thellier in 1937 reported certain natural secondary magnetizations as being "viscous" or time-dependent.
Many others have reported lightning-induced secondary magnetizations. Wilson and Everitt (1963) have cited examples of primary and secondary magnetizations in minerals with different Curie points in the same rock. Briden (1965) reported partial remagnetization due to "warming" of rock samples in nature, including a time dependent magnetization acquired in the warmed states, which subsequently stabilized on cooling. All of these have been particular cases. A general survey of a wider variety of rack types of different ages might well reveal the most prevalent types of secondary magnetization;
and that was the purpose of this investigation. The method of investigation was continuous thermal demagnetization of the natural magnetic moment of oriented rock specimens. The results are in section 2.
In section 3, a discussion of the results shows that viscous magnetization may explain the most prevalent observed secondary magnetizations.
In section 4, a theory of thermal demagnetization of viscous moments gives necessarily semi-quantitative but satisfactory agreement with the experimental facts.
Experimental results
During the past several years, we have carried out a large number of continuous thermal demagnetizations on rock specimens, mostly of Tertiary age. The results can be classified into three groups:
(1) Complex natural moments-rocks from the Isle of Mull (Ade-Hall and Wilson 1963) revealed up to four components of magnetization no doubt due to a complex thermal and magnetic history. Also rocks from Kinghorn, Scotland (Wilson and Everitt 1963) had complex natural magnetization due to the presence of more than one magnetic phase. These are very particular cases.
(2) Natural moments which changed inappreciably in direction during heating. These are presumably "good" palaeomagnetic material.
(3) Natural moments which consisted of two vector components which were resolved by heating. These very common simple "two-component" rocks are the subject of this paper.
They occurred quite generally in a range of both igneous rocks and baked sediments. Fig.   1 gives typical results for a baked laterite and a Tertiary dyke from Northern Ireland, and shows how heating resolved the two components.
The low temperature component is called the "secondary component". The temperature at which the secondary component appeared to be totally demagnetized, called Baemag, has been estimated within a fifty centigrade degree interval for each specimen in high-temperature component is called the "primary component ". The temperature of total demagnetization of the natural remanence was taken as the Curie point, O, also in Table 1 .
The low-temperature components in all cases lay (or if weak, tended to lie) along the present earth's field direction. Fig. 2 is a histogram of the frequency of occurrence of 0demag, the temperature of disappearance of the secondary moments. There is an obvious upper cut-off of edemag at about 320C. ween 200C and 300C, in agreement with the results in this paper.
Our findings may be summarized as follows :
(a) The secondary magnetizations were not randomly directed, but in each case tended towards the earth's present magnetic field direction (Fig. 1). (b) In a strong field, there was never any second Curie point near to the temperature Bdemag- Fig. 3a edemag vs. 8 as determined by thermal demagnetization of the N.R.M. As t1 increases, the upper limit of Bdemag also increases.
Black dots refer to specimens which have been baked in nature.
Open circles refer to virgin igneous rocks only. Data from Table 1 . Fig. 3b 8demag vs. Curie point 8 as determined in a 1000 oersted field. The relationship is not the same as that for the Curie point as found from thermal demagnetization (Fig. 3a) .
Here there is no obvious trend.
(c) A histogrom of Bdemag cuts off sharply above, 320C (Fig. 2) .
(d) The field of the plot of Bdemag against B for all specimens has a limiting boundary which rises with increasing Curie point e (Fig. 3a) .
(e) Baked rocks (here dykes and sediments of various kinds) tend to have high Curie points (Fig. 3a) .
The Cause of the Secondary Magnetizations
There are several possible sources of secondary magnetizations:
(1) A second magnetic material is present. This includes "crystallization" or "chemical" magnetization due to phase change or the growth of a magnetic mineral at any time in the rock's history. Since no Curie points were ever observed near Bdemag (fact (b)), this is unlikely to explain the secondary magnetizations in a straightforward way.
(2) Lightning cannot have produced many of these secondary remanences, since they were not intensely magnetized, and not randomly directed (fact (a)). Lightning is not nearly widespread enough in the areas concerned to produce our profusion of secondary remanences.
(3) Partial thermoremanence is a strong contender. A partial thermoremanence would be erased at a temperature where no Curie point exists (in accord with fact (b)). It might also lie roughly along the direction of the earth's present field fact (a), provided it were not acquired during a period of reversed field. However, one would expect some sign of PTRM acquired in reversed fields in the past, and in our rocks no sign was found.
It is quite certain that some at least of these rocks have in the past acquired partial thermoremanences.
But provided that the reheating temperature was not too high, this partial thermoremanence would eventually be replaced by a viscous magnetization during the last phase of the rock's history, because it is those very grains which can acquire a low temperature partial thermoremanence, which can also acquire a viscous magnetization (section 4). If the reheating temperature has exceeded a moderate value, the traces of this partial thermoremanence would still remain at high enough temperatures, as Briden (1965) and Chamalaun and Creer (1964) have shown very clearly. There was also evidence of this in parts of the Bloomsbury Red Beds (Roy, Opdyke and Irving 1967) .
(4) Pressure remanence cannot be dismissed, and too little is known about it to be certain of its effects in the situation here envisaged. However, Mussett (1961) has carried out some experiments on pressure remanence which suggest that the pressure effect of burial and re-emergence likely to have been suffered by our Tertiary rocks will not be great, and will be confined to the low end of the PTRM spectrum. If that is so, then this effect, too, would be erased and replaced by a viscous remanence, given time of the order of 106 years, say. The only other point relevant to pressure remanence is that it is unlikely that such a remanence would always occur due to the emergence of buried rocks during normal periods of the earth's magnetic field. Since our secondary remanences seem invariably to suggest normal polarity, pressure remanence is therefore not indicated by the evidence.
(5) Self-reversal, or partial self-reversal, are not generally supported by our results, since the secondary remanence is seldom precisely antiparallel to the primary remanence (e.g. Fig. 1 ) as would be expected from any simple self-reversal mechanism. Howerer, partial self-reversal do occur in natural magnetizations and some of our results may include this effect.
(6) The explanation of our secondary remanences which is most generally advanced is that they are viscous or time dependent remanences, acquired in the present (normally polarized) magnetic field. This hypothesis is consistent with facts (a) and (b) of section 2. In section 4 we show that facts (c) and (d) are also explicable on the basis of the theory of time-dependent magnetization.
Theory of Thermal Demagnetization of Viscous Magnetization
Neel (1949A) has developed a theory similar to the one here presented. The essential differences are that the present theory is more general, not being limited to a particular model of viscous magnetization or to any special magnetic material; and that whereas Neel considered only temperatures near to room temperature, we have attempted to push to higher temperatures in a limiting case. Stacey (1963) has also developed the theory mentioned
here, but without regard to temperature dependence of JS and H.
Viscous magnetization has been studied considerably. Thellier in 1937 first reported its effects over long times, in archeological materials. Kawai (1959) studied the effect in rocks over eight years in the laboratory. Theories of viscous magnetization in single domain magnetic grains were developed by Neel (1949A) and Brown (1959) and in multidomain grains by Neel (1949B) , Stacey (1959 ), and Averyanov (1967 . Laboratory experiments have substantiated these theories quite well (Barbier 1954 , Shimizu 1960 , Le Borgne 1960 , Plessard 1961 , Janovsky and Sholpo 1962 .
One may begin by making a statement of the problem which the evidence suggests: "If a viscous magnetization has been built up in any material at room temperature e r In any given theory, for given H and Ja, and from 0C to 300C, ro varies by not more than a factor of 5. This is a negligible variation because of the overwhelming influence of the exponential term in (1), and so ro may be considered constant at its room temperature value in theoretical developments. However, temperature variations of the product JSH in the exponential are very important as Neel has pointed out (1949A). We have therefore let JaH=f(O) where the subscript r denotes room temperature; and f(B) =1 at room temperature.
One obtains the desired relationship between rr and ederrag by setting up equation (1) (in logarithmic form) both at room temperature 0, and again at the higher (blocking) temperature Bdemag, where the demagnetization time rdemag has been reduced to some short time, say a few minutes. (1) For given rr, the ratio Bdemag/f (Bdemag) remains constant. It follows after a little thought that the faster f(B) decreases with increasing temperature (above room temperature) the smaller will be Bdemag for the given rr. One would therefore expect viscous remanences in low Curie point rocks to be thermally erased at lower temperatures than in high Curie point rocks, in which f(6) remains more nearly constant above room temperature. This was born out by a few specific calculations, and also by our unpublished experimental knowledge of palaeomagnetically stable rocks with Curie points as low as 150C. Figure 3a shows that for any given Curie point 8r, the experimental upper limit of Bdemag increases with O, and since increasing 6 means increasingly flat demagnetization curves, the results imply that f(B) drops more slowly as the upper limit of Bdemag is observed to rise. One may only consider upper limits, because gaps in the blocking temperature spectrum of a given specimen may cause edemag to be lower than, but not greater than the value predicted by theory. This is a qualitative result only.
(2) Aside from the odd P-type magnetic mineral in which Js conceivably rises with increasing temperature faster than H decreases, a simple limiting case would be that of a very high Curie point rock in which JSH remains constant for a few hundred degrees above room temperature. H may fall, but is not likely to rise, with increasing 0. Then f(B)d emag is unity, and equation (3) is easily handled. The only dependence of (3) on magnetic properties is in r. The theoretical range of 0demag in Table 2 derives from the variation of zo with magnetic properties. Assumed ranges of magnetic properties were: H=10 to 105 oersteds JS=0.5 to 92 emu/gm which covers such varied materials as hematite and magnetite. In addition these were considered in both single and multidomain states. The maximum range of zo was then 10 to 10'13 seconds.
Therefore, 236, 305 and 367C are rough maximum upper limits to 0demag for the three times quoted. Now the observed upper limit (Fig. 2 and fact c) is about 320C and certainly lies between 270 and 320C. Since these rocks have been sitting in the earth's field much longer thah 103 years, it is not surprising that this exceeds the 236C upper limit for 103 years. The ages of almost all of the rocks in Table 1 lie between 5 x 106 and 5 x 108 years. If they had been viscously magnetized over say log years, then the upper limit of 367C would be the one to consider. However, there is good evidence that the earth's field has alternated its polarity several times during the past few million years, and the final "normal" period began 7 x 105 years agog (Doell and Dalrymple 1966) . Then the longest time constants to have a net "normally directed" viscous magnetization ought to be rr-7 x 105 years. The theoretical upper limit of 305C for this rr is in very satisfactory agreement with the 320C observed during out demagnetizations, although the theory would allow quite wide limits of rr to be acceptible.
For T r longer than 7 x 105 years but shorter than 108 years we would expect there to be no viscous magnetization in Tertiary rocks, but there may have been simple decay of magnetization since these time constants will not respond to the flipping of polarity an average of about 4 times per million years. For Zr> 108 years the Tertiary magnetizations will have remained stable. Table 2 shows that we should expect an upper limit of 367C for blocking temperatures with time constants of 1Og years. In practice, this upper limit is probably seldom met because J3H will not remain constant with rise in temperature. Many secondary moments are fully demagnetized at temperature Udemag well below our upper limits (see Fig. 3 ) and heating (NRM) and cooling (TRM) curves may have identical shapes above edemag It seems experimentally that the spectrum of blocking temperatures is often divided into two well separated regions, one extending only one or two hundred degrees above room temperature, the other ranging over one or two hundred degrees below the Curie point.
The thermal decay of magnetization in the intervening region seems to be greatly due to thermal variation of the spontaneous magnetization, rather than to the demagnetization of grains with blocking temperatures in that region. Why we should so often find this gap in the spectrum of blocking temperatures is not obvious to us.
The net result of this theoretical investigation is to show that the theory of time dependent magnetization is compatible with the interpretation of our observed secondary magnetizations as being viscous or time dependent. However, certain effects not yet discussed make the interpretation of our results more difficult than the foregoing considerations would imply. These effects are discussed in sections 5 and 6.
Aberrant Results
Among the results in Table 1 , four (marked with an asterisk) were such that the vector direction of magnetization changed continuously right up to the temperature where the natural magnetization disappeared entirely. These temperatures were 620, 570, 520 and 570C, well above the 320C limit observed for the remainder of the specimens. Three of the four came from separate Scottish Tertiary dykes where there was no reason to suspect a secondary reheating in nature which might have produced a hypothetical PTRM extending to near the Curie point. A low temperature chemical addition of magnetic material might have superimposed a stable secondary magnetization with these properties.
The effects of Chemical and Magnetic Changes on Heating
From Table 1 we see that the Curie points, as determined from demagnetization of the NRM, sometimes differ from the Curie points determined in a strong magnetic field. The strong field Curie points may be as much as one or two hundred centigrade degrees below the NRM Curie points. In Fig. 3a we chose to use the NRM Curie point, since we were dealing with the properties of the NRM, but there is no guarantee that this is the Curie point one ought to use. A plot of Odemag against the strong field Curie point in Fig. 3b does not reveal such a significant pattern of behaviour. From early French workers onward it was evident that heating of rocks could cause a change of Curie point, usually a rise of Curie point from a lower range to a higher range. Ade-Hall, Wilson and Smith (1965) showed that sufficiently swift heating in air could permit determination of the original Curie point prior to its rise due to more prolonged heating.
The observations of different Curie points for the same specimen in Table 1 Two ideas then come to mind:
(1) Experimentally, we find that the Curie points do not start to rise (over laboratory times) until the temperature exceeds about 300C.
Since all of our 8demag values were less than 320C and most of them much less, it follows that we are observing 0demag in the thermally unaltered rock (i.e. in a virgin state). The theory of section 4 therefore is valid insofar as it considers an upper limit of 305C for Odemag.
(2) We know from experience that during slow enough heating, the Curie point rises due to oxidation faster than the temperature itself. Thus one can lag in the ferrimagnetic region below the Curie point, during its rise. slow. There is no doubt that if a Curie point is going to rise as in Fig. 4 , it will keep ahead of the instantaneous temperature during our heatings. Table 1 shows that the Curie point as judged from NRM demagnetization, exceeds by as much as one or two hundred degrees the Curie point as seen by a quick heating in 1000 oersteds. This is in accord with the idea of a rising Curie point during slow heating; but the surprising thing is that the NRM persists above the original Curie point as seen in a quick heating. It is not a priori obvious that the NRM should persist up to the higher Curie point. Nagata and Kobayashi (1963) carried out thermal experiments in the region of the changing Curie point and induced a or (b) The NRM exists in a "tail" of distributed high Curie point material that is not seen in the strong field quick heatings. Not only is this an ad hoc explanation, but it does not take into account the known fact that the Curie point does indeed rise on heating. Nor does it explain the TCRM obtained by Nagata and Kobayashi.
It would seem likely that in weak external fields, the NRM can survive a rise of Curie point; at least the NRM direction, if not its intensity. This insensitivity of the NRM direction (not intensity) to changes in Curie point might possibly explain why Tertiary basalt specimens seem almost invariably to have retained detectable traces of their original remanence, despite having sometimes been buried for long times at temperature of 200C or more as evidenced by the kind of zeolite which has formed in the vesicles (Walker 1960 ). This in turn could have repercussions on the determination of ancient field intensities. If the Curie points have changed, without NRM destruction, it would be necessary to choose for this purpose specimens which began their existence in a chemical state (presumably one of fairly high oxidation) such that subsequent burial and reheating would not have greatly altered the magnetic properties. The coherence of NRM direction throughout a lava does not therefore seem to be a sufficient criterion for supposing that magnetic changes (e.g. rise of Curie point) have not occurred during burial. On the other hand, many Tertiary lava specimens which have been buried and held at say 200C for long times, still retain low Curie points. Either they have been held at this temperature under reducing conditions, or the temperature has not been great enough to induce Curie point change during the time of burial. Our opinion is that most Tertiary lavas and dykes, despite zeolitization and the consequent inference of heating, have undergone remarkably little opaque alteration since formation, especially such as to have great magnetic effects.
